In order to interpret the experimental results of the state resolved UV-laser-induced desorption of NO from NiO͑100͒ ͑rotational and vibrational populations, velocity distributions of the desorbing NO molecules, etc.͒, we have performed ab initio complete active space self-consistent field ͑CASSCF͒ and configuration interaction ͑CI͒ calculations for the interaction potential between NO and the NiO͑100͒ surface in the electronic ground state and for those excited states which are involved in the desorption process. The NiO͑100͒-NO distance and the tilt angle between the NO axis and the surface normal have been varied. A cluster model containing a NiO 5
I. INTRODUCTION
The laser-induced desorption of small molecules from well characterized surfaces has been a matter of experimental investigations 1-7 and theoretical work for many years but the details of the mechanism are hardly understood, so that often only a rather qualitative picture is used to describe the fundamental processes.
A full theoretical description of such processes requires sufficiently accurate potential energy surfaces for the electronic states involved as well as efficient algorithms for treating the dynamics of the nuclear motion.
As far as the potential surfaces are concerned many investigations have been performed for metal-adsorbate systems such as CO on Ni͑100͒ [8] [9] [10] or CO/Pd͑100͒. 11 Mostly rather small cluster models and conventional quantum chemical ab initio methods up to the configuration interaction ͑CI͒-or multiconfiguration self-consistent field ͑MC-SCF͒ level have been used. However, cluster size effects result in serious problems with respect to the convergence of the calculated properties. A review of the theoretical description of adsorption phenomena in general has recently been published by Sauer et al. 12 As has been pointed out by Jennison et al., 13 some progress can be expected for ground states by the use of gradient corrected LDA functionals 14, 15 and massively-parallel computer codes. 16 First calculations using these techniques have been presented for NO and NH 3 on Pd ͑100͒. 17, 18 Up to now, all ab initio calculations for the desorption of small molecules from metal surfaces concentrated on the description of ground state properties, whereas excited states had to be treated semiempirically 17 or totally empirically as in the classical MGR picture.
Compared to metals, ionic systems such as NiO͑100͒, exhibit some principal advantages. The strong ionicity allows a local description of the electronic structure at least of the transition metal ion and justifies the use of a rather small cluster compared to calculations on metal surfaces. Thus it is possible to calculate ground state potential surfaces for the adsorption of small molecules such as CO or NO by means of high quality ab initio techniques 21, 22 including electron correlation effects. In this paper we present the first ab initio cluster calculation at the MCSCF/CI level for both ground and excited states involved in a desorption induced by electronic transitions ͑DIET͒ process. The knowledge of the potential energy surfaces of the excited states is crucial for a deeper insight into the principal mechanism of the desorption process, which should be regarded as one of the most elementary steps in surface photochemistry.
Our present calculations have been stimulated by experiments on the fully state resolved laser-induced desorption of small molecules from different well characterized oxide surfaces, which have been performed in our group during the recent years. 6, [23] [24] [25] [26] [27] For the system NO on NiO͑100͒ the main experimental results can be summarized as follows:
͑a͒ NO is adsorbed on top of a regular nickel adsorption site. 22, 26, [28] [29] [30] [31] ͑b͒ The binding energy is determined by thermal desorption spectroscopy ͑TDS͒ to be 0.52 eV. 26 ͑c͒ The tilt angle between the molecular axis and the surface normal turns out to be 45°. 26 ͑d͒ Desorption experiments were performed with laser energies between 3.5 eV and 6.4 eV; the desorbing NO molecules were analyzed by rotationally and vibrationally state resolved detection. A threshold at about 3.5 eV has been obtained below which the desorption cross section turns out to be very small. 6, 25, 32, 33 ͑e͒ We observed velocity flux distributions of the desorbing NO molecules showing two maxima which can be assigned to two nonthermal desorption channels. 24 ͑f͒ A coupling between rotational and translational degrees of freedom was found in the fast desorption channel. 24 ͑g͒ The vibrational temperature is obtained to be about 2000 K, while rotational temperatures are characteristically much smaller ͑between 250 K and 450 K͒. 24 ͑h͒ NO Ϫ is postulated as a probable intermediate during desorption. 24 While detailed theoretical investigations of the ground state of the NO/NiO͑100͒ system have been presented in an earlier work 22, 28, 29 we focus in this paper on the excited states involved in the desorption process and we present the results of some calculations for potential energy curves and oscillator strengths. We also have performed preliminary wave packet calculations for the nuclear motion in order to obtain some information about the mean lifetime of the excited states and compared them to the results of classical trajectory calculations.
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II. METHODS OF CALCULATION
A. Cluster model
The crystal structure of NiO is the same as that of NaCl, which consists of a fcc lattice structure for the Ni 2ϩ and O
2Ϫ
ions. The NiO distance is about 2.08 Å 34, 35 and each nickel ion is surrounded by six oxygen ions with octahedral symmetry. The NO molecule is adsorbed at the NiO͑100͒ surface in the on-top position on the Ni 2ϩ ion with the N atom pointing towards the metal ion. Experimental results ͑ARUPS͒ using a thin film of NiO͑100͒ on Ni͑100͒ and a NiO͑100͒ surface of a single crystal cleaved in vacuo have shown that there is little dispersion within the Ni 3d bands. 26 For this reason one can assume that there exists no direct Ni-Ni interaction. Therefore we have chosen a small cluster as a model system for the NiO͑100͒ surface which contains only one Ni 2ϩ ion and five adjacent O 2Ϫ ions. 21, 26 The NiO 5
8Ϫ
cluster is embedded in a semi-infinite Madelung potential which simulates the influence of the bulk ions on the cluster, especially the long-range Coulomb interaction between the ionic lattice and the cluster adsorbate system. The Madelung potential is built up by point charges Ϯ2; we assume a totally ionic structure and use a modification of the Evjensummation method. 36 The whole cluster model including an adsorbed NO molecule is shown in Fig. 1 .
This cluster model possesses an artificial dipole moment of the order of 1 a.u., caused mainly by the point charges of ϩ2 next to the O 2Ϫ ions which polarize the electron density of the cluster into the direction of the adjacent point charges. In earlier calculations for neutral adsorbate systems like CO, NO, H, and CH 3 21,22,28,37,38 the influence of this artificial dipole moment could savely be ignored, but the interaction between a dipole moment of 1 a.u. and the negative charge of an approaching NO Ϫ ion, which has been proposed as an intermediate, is too large to be neglected. One possible way to eliminate this dipole moment is a modification of the Madelung potential which has been achieved in the following way. 38 All point charges in the first layer are changed to -cluster embedded in a semi-infinite potential of point charges ͑only the uppermost layer of them is shown͒. The tilt angle of the NO molecule adsorbed on the cluster is 45°with respect to the surface normal ͑Ref. 26͒.
Ϯ2.4 and in the second layer to Ϯ2.3, while the rest of the Madelung potential is unchanged. This modification of the Madelung potential produces a change of the electron density towards the positive charges in the first layer and results in a decrease of the dipole moment. There exists no strict definition of the ionicity of an ionic crystal, but charges of Ϯ2. 4 The use of the frozen SCF orbitals of the system NiO 5 8Ϫ -NO Ϫ in the CI calculations ͓method ͑a͔͒ leads to a comparably good description of excited charge transfer states of the form NiO 5 7Ϫ -NO Ϫ , but to a rather poor description of the ground state of NiO 5 8Ϫ -NO. Actually, we found nearly no bonding at all with these orbitals, though the experimental binding energy between NO and the NiO͑100͒ surface amounts to 0.52 eV. 26 However, the problem of calculating the NO/NiO͑100͒ binding energy correctly has attracted much attention recently 22, 28, 29 and is far from being solved. It is therefore not surprising that our procedure ͑a͒ which is aiming at a good description of the cluster-to-NO charge transfer states is relatively poor for the ground state. On the other hand, the CASSCF calculations for the lowest states of the ''neutral'' system NiO 5 8Ϫ -NO ͓method ͑b͔͒, yield reasonable ground state orbitals, but describe the NO Ϫ -like charge transfer states less accurately than the orbitals generated by the procedure ͑a͒. This can be seen if one compares the total energies of these states calculated either with the CASSCF or the frozen SCF orbitals.
The potential curves obtained from the CI calculations with CASSCF orbitals are corrected by the counterpoise method of Boys and Bernardi. 48 To do this we have assumed that the basis set superposition error ͑BSSE͒ for the CI ground state and for the excited charge transfer states is the same as that of the CASSCF ground state. In the calculations with the frozen SCF orbitals we did not apply the counterpoise correction since there is no interaction between cluster and adsorbate. After the BSSE correction the shapes of the potential curves calculated with either CASSCF orbitals or frozen SCF orbitals show no qualitative differences.
The CI calculations have been performed by including all single and double excitations from the 15 oxygen 2p and five nickel 3d orbitals into the two NO 2 orbitals starting from a reference determinant, where the oxygen 2p orbitals are fully occupied with 30 electrons, the five nickel 3d orbitals contain nine electrons, and the NO 2 orbitals are unoccupied ͑CISD͒. This choice was suitable to produce all states of interest and keep the CI-expansion length reasonable short, in the order of about 10 000 determinants per symmetry.
In order to investigate the electronic relaxation of the NiO cluster upon removing one electron, either from the oxygen 2p or nickel 3d orbitals, different sets of cluster orbitals are generated. Since the 3d 7 ground state of NiO 5 7Ϫ is no one-determinant state it has been optimized by CASSCF calculations with the five 3d orbitals in the active space and an average energy expression for the three lowest quartet states ͑ 
C. Wave packet dynamics
For the simulation of the nuclear dynamics we started some simple, one dimensional wave packet calculations using the programs of Kosloff and Schmidt based on the Chebychev Propagator developed by Kosloff. [49] [50] [51] [52] [53] [54] In these calculations we employed one ground state and one excited state Morse potential curve which have been adjusted to the corresponding ab initio curves. The parameters of the potentials and the time propagation characteristics are listed in Table I . We started from the vibrational ground state of the lower potential, obtained numerically by propagation of the wave function in imaginary time, and performed a FranckCondon-type transition to the excited state potential. After the propagation on this potential for a certain fixed time period the whole wave packet was placed onto the ground state curve, and the ''desorbing'' part of the wave packet was analyzed. This has been done for different fixed lifetimes of the excited state in each calculation. The desorbing part of the wave packet is defined as the probability density which has passed a well defined imaginary border at 12 a.u. on the ground state potential. After this point the potential is sufficiently flat, so that the desorbing part of the wave packet can be regarded as a free particle. In all calculations the time of propagation has been sufficiently long ͑some 10 000 a.u.͒ so that a unique separation between the adsorbed and desorbed part of the wave packet has occurred.
III. RESULTS
A. Vertical excitation energies
With the CI calculations as described above it was possible to distinguish between three different types of excited states in the NO/NiO͑100͒ system: local dd-excitations, charge transfer excitations within the cluster, and charge transfer states describing the transfer of one electron from the cluster to the NO molecule.
As shown in Fig. 3 we find a large number of electronic states in the energy range between 0 eV-4 eV, which corresponds to local dd-excitations within the nickel ion. In this energy range, i.e., within the optical band gap, weak signals were measured in the EELS spectrum by Cappus et al. 30, 31 With the help of ab initio calculations performed in our group 30 these signals were associated with the ddexcitations. Above 4 eV a strong increase of intensity is observed in the EELS spectrum, which is interpreted as being due to optically allowed charge transfer transitions of electrons from oxygen to nickel. The states responsible for these transitions cannot be properly described in our calculations, because the choice of a quite small cluster implies ͑a͒ a rather crude description of the delocalized oxygen 2p-bands and ͑b͒ a missing polarization contribution of the bulk NiO crystal which is connected with the generation of charge carriers. 55 As a consequence, the calculated transition energies for these states are several eV too large and are shifted out of the energy range of Fig. 3 .
The states involved in the desorption mechanism are charge transfer states in which one electron is transferred from the cluster to the NO-molecule. We observe these charge transfer states above a certain energy threshold which depends on the choice of the orbitals used in the CI calculation. In the following we denote the NO Ϫ -like states simply as charge transfer states of the system. Figure 3 shows schematically that the density of these states is quite high and forms a quasicontinuum of which we can obtain only the lower part. The existence of many experimentally accessible states is of crucial importance for the dynamics of the system since several states could be involved in the desorption process. The question how to identify the states which are important for the desorption, will be addressed later in this paper. Table II contains the excitation energy of the lowest cluster → NO charge transfer state as obtained for different orbital spaces in the CI calculations. It can easily be seen that the excitation energy is strongly dependent on the choice of orbitals in the CI. The physical picture behind this result is quite simple. If we use a CASSCF-reference for our CI, those states are well described, which have a similar orbital occupation as the ground state, i.e., which can be characterized as NiO 5 8Ϫ -NO-like states. Upon charge transfer from the cluster to the NO molecule, large relaxation effects in the electron distribution of both the cluster and the NO molecule are to be expected. Because of the truncated character of our CI calculations, these effects are only partly taken into account and the calculated excitation energy for the lowest excited state is as high as 9.79 eV ͑at Rϭ5.0 a 0 ͒. For a proper description of the charge transfer states, orbital spaces should be used which are constructed for the NiO 5 7Ϫ -NO Ϫ -system. Our CI calculations with the NiO 5 8Ϫ -NO Ϫ frozen SCF orbitals take the relaxation effects of the NO orbitals during NO Ϫ -formation into account, thus a lower excitation energy of 6.75 eV ͑Rϭ5.0 a 0 ͒ is obtained in this case. Since we can only use one orbital set in out present CI calculations, only either the ground state or the NO Ϫ -like states are properly described. The relaxation effects within the cluster are still very poorly described, so that the excitation energies are still too high in comparison to the laser energies used in the experiments. 25 However, we were able to estimate these effects by a semiempirical correction of the excitation energies and obtain a reasonable agreement with experiment. This point will be discussed in Sec. III B.
In a similar way as the change in the reference orbitals a modification of the cluster model can also change the vertical excitation energies of the charge transfer states. We find an increase in the lowest excitation energy from 6.75 to 9.52 eV at a Ni-N distance of 5.0 a 0 , if we use the modified Madelung potential with higher ionicity, as described above ͑see Table II͒ . Due to the higher positive charges in the topmost layers the O(2 p) orbitals are stabilized and the charge transfer of one electron from an O(2 p) orbital to NO needs more energy. This is clearly an artifact of the modified Madelung field.
The elimination of the dipole moment by additional magnesium ions produces an opposite effect as far as excitation energies are concerned. The total energies of the ground state and the excited charge transfer states are shifted by about the same amount to higher energies, the excitation energies are only lowered by 0.4 eV from 6.75 to 6.35 eV at Rϭ5.0 a 0 . The small amount of 0.4 eV seems to make the correction of the dipole moment unnecessary, but the interaction between dipole moment and the NO Ϫ is strongly distance dependent, therefore the elimination of the dipole moment is important for the correct shape of the potential curves of the excited states.
B. Semiempirical correction of the excitation energies
Quite a difficult question is that of the origin of the electron which is transferred from the surface to the NO molecule, i.e., whether it comes from the O(2p) or Ni(3d) orbitals. This problem is closely connected with that of the reliability of Koopmans' theorem. All CI calculations discussed so far in this paper used orbitals which were optimized for the ground state of the ''neutral'' cluster and for either NO Ϫ or NO. However, the charge transfer states are connected with an ionization of the cluster, and there might be rather large relaxation effect since the orbitals of the ionized cluster can be considerably different from those optimized for the ground state of the neutral cluster. Further- more, the relaxation effects might be quite different depending on whether an electron is ionized from a local Ni(3d)-AO or a delocalized O(2p) band.
In Fig. 4 we show the ionization energies of NiO obtained with two full CI calculations within the manifold of the 3d 7 states of Ni 3ϩ ͑this corresponds to a local ionization of Ni 2ϩ ͒. In the first calculation ͓Fig. 4͑c͔͒ we used the SCF orbitals of the ''neutral'' nonionized cluster ͑this corresponds to Koopmans' theorem, but with a valence CI in the ''final'' states͒. In the second one ͓Fig. 4͑d͔͒ we used CASSCF orbitals optimized for an energy expectation value averaged over the three lowest quartet states of the ionized cluster. Apparently, we find a relaxation energy in the order of 6.5 eV, attributable to the localized hole at Ni.
We have performed similar calculations for the ionization of the oxygen 2 p orbitals. For technical reasons, these calculations have been performed for a MgO 5 cluster model, which is reasonable because of the great similarities between NiO and MgO. In Fig. 4͑a͒ again the SCF orbitals of the neutral cluster are used ͑Koopmans' theorem͒, in Fig. 4͑b͒ orbitals which are optimized for the ionized cluster and which correspond to a delocalized hole within the oxygen 2 p orbitals. This time we find only a low relaxation energy of about 1 eV. The consequence of the large relaxation of the nickel states upon ionization is that ionization out of the O(2p) and Ni(3d) orbitals are very close in energy. This leads to a mixture of 3d 7 -and 3d 8 L Ϫ1 -configurations for the ground state of the ionized cluster ͑L Ϫ1 denoting a hole in the ligand sphere͒.
In addition to this ''intracluster relaxation'' 55 which can be accounted for explicitly by allowing the cluster orbitals to relax upon ionization, there is also an ''extracluster'' polarization, i.e., the polarization of the remainder of the NiO crystal outside the cluster. This is a long-range effect and converges very slowly with the increase of the cluster size, therefore an empirical correction is necessary. Janssen and Nieuwpoort 55 estimated this effect to be in the order of 4-5 eV if an extra point charge is placed at a regular lattice point, e.g., for the ionization out of a strongly localized orbital. Of course, the extracluster polarization is also smaller for the ionization out of a delocalized O(2 p) band.
The low lying electronic states of the ionized NiO 5
7Ϫ
cluster are mixtures of 3d 7 and 3d 8 L Ϫ1 -configurations, as Fig. 4 suggests-if relaxation effects are included-and as has been found in previous calculations, e.g., by Janssen and Nieuwpoort 55 or Fujimori and Minami. 56 An analysis of the low lying charge transfer states of the system NiO-NO shows that they contain predominantly configurations that correspond to a charge transfer from O(2p) to NO. 38 Therefore, the hole created upon this charge transfer is not very strongly localized and a medium value of about 5 eV seems to be a reasonable estimate of the relaxation energy. We have therefore lowered the calculated vertical excitation energies by this amount.
It should be stressed that this semiempirical shift is absolutely necessary since it is not possible to make the cluster large enough and to treat the relaxation completely as intracluster polarization. On the other hand, the form of the potential curves is not changed much and the dynamics is not very sensitive to the exact form of the potential surfaces of the intermediate states.
C. Potential energy curves
In order to characterize the states involved in the desorption process we calculated potential energy curves for the ground state and different charge transfer states on the CIlevel. We investigated the dependence of the potential energy on the nickel-nitrogen distance and on the tilting angle with respect to the surface normal. Figure 5 contains the potential curves of the electronic ground state and two arbitrarily selected NO Ϫ -like charge transfer states as functions of the distance between the surface and the adsorbed NO ͑the semiempirical shift discussed in the the previous section has not been applied͒. The binding energy of the ground state is strongly underestimated, as has already been pointed out in Sec. II B. However, the exact shape of the ground state potential curve is of minor importance in the present context because the wave packet accumulates kinetic energy mainly by propagation in the excited state potential curves and by conversion of potential energy into kinetic energy after relaxation to the ground state. Thus the final kinetic energy distribution is dominated by the lifetime of the wave packet in the excited state potential and not by the relatively shallow minimum of the electronic ground state. Therefore, the poor description of the electronic ground state does not change any of our conclusions concerning the desorption process.
As can be seen in Fig. 5 , the strong Coulomb interaction between the ionized cluster and the negatively charged NO Ϫ molecule gives rise to pronounced minima with depths of about 5 eV in the potential curves of the charge transfer states. At distances larger than 4.5 a 0 the potential curves of these states are dominated by this strong Coulomb attraction which behaves essentially like Ϫ1/R, whereas at short distances the potentials are repulsive due to the Pauli repulsion. It is important for the dynamics of the laser-induced desorption process that the equilibrium distances of the NO Ϫ -like states are considerably shorter ͑Rϭ3.5 a 0 -4.0 a 0 ͒ than that of the ground state ͑Rϭ5.0 a 0 ͒. The situation is comparable to that encountered for an Antoniewicz-type desorption mechanism, 57 which implies that the molecule moves towards the surface immediately after excitation. Another point important for the later discussion is that the potential curves of all excited charge transfer states are very similar.
We have also investigated the influence of the tilt angle between the NO axis and the surface normal on the energies of the different states. Figure 6 contains the angular dependence for the 2 AЈ ground state and the lowest 2 AЉ charge transfer state. In agreement with the experiment the equilibrium tilt angle is found at 45°for the ground state.
So far it is generally assumed that the angular dependence of the potential surfaces is different in the ground and the excited states. 23, 58, 59 The reason for this assumption was the experimental observation of high translational energies for molecules desorbing with large rotational energy quanta. In contrast to this we find a similar angular dependence of the electronic ground state and the NO Ϫ -like excited states. This could be an explanation for the relatively low rotational temperature of the desorbing NO molecules of about 250 K and 450 K as compared to the high vibrational temperature ͑TϷ2000 K͒, 25 but that does not account for a straightforward explanation of the coupling of translational and rotational degrees of freedom. Nevertheless, future calculations of the complete potential energy surfaces of the states involved will clarify whether the similarity of the angular potential energies will remain at other distances than the equilibrium Ni/NO-distance, and how the differences in the temperature of rotation and vibration as well as the strong coupling of rotation and translation can be explained. 60 We want to emphasize that in all our calculations the qualitative aspects remain the same independent of these details and the correct values of the vertical excitation energies. We were able to identify NO Ϫ -like charge transfer states as the states which are involved in the desorption process and therefore we agree with the proposal of Gadzuk et al. 61 that NO Ϫ is the intermediate during the desorption process.
D. Oscillator strengths
For the simulation of the dynamics of the laser-induced desorption the knowledge of the potential energy surfaces is of primary importance. However, the mechanisms of the excitation and deexcitation processes can only be established if some information on the relaxation probabilities of transitions from the NO Ϫ -like intermediate states to the ground state or other excited states of the cluster/adsorbate system describing desorbing neutral NO molecules is available. The mean lifetime of the wave packet in the excited state has to be regarded as a central point of dynamics.
Of course, the question arises whether the primary excitation process as well as the deexcitation after a finite mean lifetime in the excited state is a direct optical process or a substrate excitation followed by a ''hot electron'' being scattered from the surface to NO in a nonadiabatic process and a relaxation via nonadiabatic coupling of the states involved. Because of the short lifetimes of the excited states the direct optical de-excitation was generally ruled out. Lifetimes of optically allowed excited states of gas phase NO are generally in the order of 1-10 ns while estimates for mean lifetimes in the laser induced desorption lead to 15-25 fs ͑Sec. III E͒. A rough estimate shows that even with oscillator strengths as large as 0.1 to 1 the radiative lifetimes for spontaneous emission are so large ͑100 ps-1 ns͒ that the ͑radia-tive͒ optical de-excitation cannot explain the mechanism for the laser-induced desorption. 60 Therefore future investigations should take the nonradiative de-excitation via the calculation of diabatic coupling coefficients and diabatized potential energy surfaces into account. 60 Nevertheless, an optical excitation mechanism could in principle take place in competition with the nonadiabatic transitions. We have therefore calculated transition moments and oscillator strengths for optical transitions from the NO/ NiO͑100͒ ground state to different charge transfer states. Table III contains the results for the oscillator strengths of the lowest allowed charge transfer states at a Ni-N distance of 5.0 a 0 . All excitation energies ͑necessary for converting the calculated transition moments to oscillator strengths͒ have been shifted by 5 eV downwards to simulate the effect of the polarization of the whole crystal.
As Table III shows, some of the oscillator strengths are quite large ͑Ϸ10 Ϫ2 ͒, much larger than those of the optically allowed transitions of gas phase NO molecules, which are only in the order of 10
Ϫ4
. [62] [63] [64] [65] Most of the states possessing large transition moments are characterized by a single electron transfer from a O͑2p z ͒ or a Ni͑3d yz ,3d xz ͒ orbital into the partly occupied 2-orbital of NO, without a change in the spin coupling as compared to the ground state of NO/ NiO͑100͒. Figure 7 shows the oscillator strengths of three of the low-lying excited states as functions of the Ni-N distance R. All curves exhibit a nearly exponential decay with increasing R; this is consistent with the nature of these states as single electron charge transfer states and a transition moment of the form ͗O͑2p͉͉͒NO͑2͒͘ which of course depends on the overlap between the O͑2p z ͒ and NO͑2͒ orbitals. For very short distances the behavior of the oscillator strengths becomes irregular because of a strong mixture of different excited states.
The transition moments are quite large at the equilibrium Ni-NO distance so that a direct optical excitation mechanism can be discussed. Table III and Fig. 7 show that there are only very few states with large transition moments and that these transition moments behave differently though all potential curves for the charge transfer states are very similar. The different behavior of the oscillator strengths is difficult to explain in detail, it depends in a rather complex way on the overlap between the NO ͑2͒ orbital and the cluster orbitals out of which the electron is excited. 66 The differences in the absolute value of the oscillator strengths might be important for the selection of the states which are involved in the desorption process because an optical transition to those states is most likely. Furthermore, even the existence of strongly differing oscillator strengths for similar potential energy curves is an interesting aspect for the relaxation process. It leads us to the assumption that also the diabatic coupling coefficients of nonradiative deexcitation process could in principle be different as a result of different electronic wave functions for the different excited states. This question is also a field for further investigations.
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E. Wave packet calculations
In order to simulate the desorption dynamics we have performed some first wave packet calculations. As shown in the previous paragraphs of this section, more than one excited state is involved in the desorption process. This requires the application of a multisurface propagation scheme and the time evolution of the total wave packet has to be treated as a time dependent coherent superposition of wave functions on each surface.
The results of two-dimensional multisurface wave packet calculations including lifetime distributions determined by nonadiabatic coupling coefficients will be pub- lished elsewhere. 72 Here we report preliminary results of one dimensional wave packet calculations on Morse potentials adjusted to our ab initio potentials as described in Sec. II C. They should be regarded as a test of our potentials and a comparison with classical trajectory calculations. A fixed lifetime and only one excited state potential was used. In this model quantum interference effects of the multisurface approach are not included, therefore a direct comparison with the classical trajectory calculations of Baumeister and Freund 23 is possible. The wave functions describing the nuclear motion of the desorbing NO molecules have been analysed as a function of the lifetime of the excited state. The parameters of the calculation are given in Table I . By transforming the wave function into k-space we obtain a momentum distribution that we can compare directly with the velocity flux distributions measured in the experiments. 24, 25 Of course, the calculated velocity distributions depend strongly on the lifetime of the wave packet in the excited state. We were able to reproduce the experimentally observed velocities by assuming a mean lifetime between 15 fs to 25 fs ͑Fig. 8͒. A shorter lifetime does not lead to desorption at all and a longer lifetime produces particles with much higher velocities than observed experimentally. Very long lifetimes ͑75 fs-100 fs͒ could also lead to an agreement with experiment but have been ruled out by the classical trajectory calculations of Baumeister et al. because the bimodality as a dominant feature of the velocity-flux distributions could not be reproduced. 58 The present wave packet calculations are in good agreement with the classical trajectory calculations of Baumeister and Freund 23, 58 as far as the lifetimes in the excited state are concerned. Since these authors did not observe essential differences in their calculations with fixed lifetimes and lifetime distributions, we limited the present calculations to a delta function decay.
We have also examined the expectation value of the position operator during the lifetime of the excited state. We found the propagation of the wave packet to take mainly place on the attractive part of the excited state potential which is dominated by the 1/R Coulomb attraction. Using this simple model for the desorption process we observed only monomodal wave functions in k-space. This clearly shows that this model is too simple and that either more than one excited state potential curve or a relaxation probability instead of a fixed lifetime have to be used. Furthermore, the inclusion of the rotational coordinate could also affect the shape of the velocity distributions.
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IV. CONCLUSIONS
We have calculated potential curves of the ground state and selected excited states for the model system NiO 5 8Ϫ -NO as functions of the distance between NO and the NiO͑100͒ surface and of the tilt angle between the NO axis and the surface normal. The excited states involved in the laserinduced desorption of NO from NiO͑100͒ were of the form NiO 5 7Ϫ -NO Ϫ , i.e., surface → NO charge transfer states. The potential curves of all these charge transfer states show the same distance dependence, i.e., a pronounced minimum caused by a strong Coulomb attraction. The equilibrium distance is shifted by 1 a 0 towards the surface, as compared to the ground state. This implies an Antoniewicz like desorption model, 57 i.e., the molecules move towards the surface before they desorb.
All these excited states behave similar to the ground state as far as the tilt angle of the NO molecule against the surface normal is concerned. Thus, the adsorbate molecule cannot be described as a free rotor after laser excitation, as has been assumed in previous model calculations. 58 We have found a great number of charge transfer states with a high density of states at vertical excitation energies greater than about 8 eV. After a semiempirical shift that accounts for the polarization of the crystal these excitation energies are located in the experimentally accessible energy range of 3.5-6.4 eV. The high density of NO Ϫ -like states implies the involvement of more than one excited state in the desorption process.
All surface → NO charge transfer states have similar potential curves, but totally different oscillator strengths. This result has led us to consider the possibility of direct optical excitation into the charge transfer states. However, we estimate that for the de-excitation from the charge transfer states back to the ground state nonradiative processes are more likely than radiative processes.
The different velocities of the desorbing NO molecules can be caused by different mean lifetimes, which provides a natural explanation of the bimodal velocity flux distributions observed experimentally. 24, 25 However, it should be emphasized that the whole process of the laser-induced desorption might be even more complex. Figure 9 shows a schematic plot of all excited states of the system NiO ͑100͒-NO that might be involved in the process. There are mainly three classes of low-lying states. ͑1͒ Local dd excitations within the Ni 2ϩ ions whose energies do not depend much on the Ni-N distance, similar to that of the ground state. ͑2͒ O͑2p͒ → Ni ͑3d͒ charge transfer states within the NiO substrate, forming a continuum above the optical band gap at 4 eV, with a distance dependence also similar to that of the ground state. ͑3͒ The NiO → NO charge transfer states, as discussed so far in this paper, also a continuum, with a strong Coulomb attraction.
Two different excitation processes seem to be possible which can lead to the NiO ϩ -NO Ϫ charge transfer. A direct optical transition from the ground state into the manifold of the NiO → NO charge transfer states or a charge transfer excitation within the substrate followed by a nonadiabatic process into the NiO → NO charge transfer states. ͑''Creation of hot electrons in the substrate which then can be scattered to the NO molecule.''͒ The same possibilities exist of course also for the deexcitation process. A detailed investigation of this second process would require-apart from the potential curves-the calculation of the diabatic coupling coefficients which will be possible in the future on the basis of recent developments in diabatization procedures. [67] [68] [69] [70] [71] On the basis of our ab initio calculations, one can discuss several reasons why laser induced desorption could result in nonmonomodal velocity flux distributions. It seems likely that more than one excited state is involved in the desorption process. If one assumes a direct optical excitation it is possible to decide which of the states are involved via the calculation of oscillator strengths. If, alternatively, the excitation mechanism has to be described as a nonadiabatic process the calculation of diabatic couplings allows in a similar way to identify the states involved. Since the relaxation process is believed to be nonradiative the calculation of nonadiabatic couplings will clarify if the coupling coefficients are also different for different transitions as has been shown for oscillator strengths in this work. Assuming the situation for diabatic couplings and oscillator strengths to be comparable the bimodality can be understood as being due to different coupling of different NO Ϫ /NiO ϩ -like excited states to the NO/NiO-like manifold of states because different coupling should result in different mean lifetimes of those states which leads naturally to nonmonomodal velocity flux distributions. In addition to this also geometric effects turn out to be important for a complete description of the desorption process. 23 For the time being we cannot rule out any of the models described above but future calculations of diabtic couplings and more sophisticated wave packet calculations will give us a deeper insight into the fundamental physical principles of the desorption process and may result in a description where all of the models proposed have to be considered to some extent. FIG. 9 . Schematic plot of the manifolds of potential curves of the different types of excited states of NiO 5 8Ϫ -NO. ͑1͒ Ground state and dd-excitations with a distance behavior similar to that of the ground state. ͑2͒ O 2p→Ni 3d charge transfer states with a distance behavior which is also similar to that of the ground state. ͑3͒ Cluster→NO charge transfer states with a distance behavior dominated by a strong Coulomb attraction.
